Background: Pulsatile tinnitus (PT) is an auditory phenomenon that occurs in the absence of an external stimulus and presents as a humming or whooshing sound synchronous with the subject's heartbeat. PT has many causes, ranging from the benign to the life threatening. In the following report, we focus on defining the most common causes of PT and explore changing approaches to diagnostic radiology used in the assessment of PT patients, with the goal of providing an updated and practical set of guidelines for the assessment of this complicated condition.
Introduction
Vascular pulsatile tinnitus (PT) is an auditory phenomenon that occurs in the absence of an external stimulus, and presents as a humming or whooshing sound, in synchrony with the subject's heartbeat (1, 2) . PT can be subjective, only perceived by the patient, or objective, audible to both
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The assessment of pulsatile tinnitus-a systematic review of underlying pathologies and modern diagnostic approaches patient and a third party (3) , and unilateral or bilateral, though generally presents asymmetrically. Cases of PT have been associated with a variety of underlying causes, ranging from the benign and spontaneously resolving to the debilitating and potentially life threatening (2, 4) . Given this variability in presentation and pathology it is crucial that approaches to diagnosis are consistent.
This report aims to (I) provide a comprehensive review of the most common causes and methods of assessment of PT, with the goal of (II) developing an updated set of diagnostic guidelines. These recommendations should be practical, effective, and balanced with respect to managing the risks of misdiagnosis against the often-overlooked cost to a patient directed to commence potentially unnecessary imaging studies.
The most common causes for PT are venous and arterial anomalies such as dural arterial venous fistulae, aberrant internal carotid arteries, benign intracranial hypertension (BIH), and certain middle ear masses including glomus tumours and dehiscent jugular bulbs (4) . We describe the characteristic clinical and radiological findings related to each of these pathologies, and provide representative radiographs of each condition for the reader's reference.
CT was the preferred imaging technique for most PT case studies. Contrary to this practice, we make an argument for prioritising magnetic resonance imaging (MRI), citing its superior sensitivity and the lower associated morbidity. We concede that there remain some cases wherein both MRI and CT must be employed to provide an accurate diagnosis, and we outline these circumstances. We acknowledge also that angiography may be used in combination with either of these techniques to provide a more comprehensive overview of pathology-related vasculature and to inform surgical approaches, should surgical intervention be deemed appropriate. We argue that MRI, CT, and angiography studies can constitute a significant financial burden and medical risk to the patient. Therefore, we suggest foregoing an extensive and expensive imaging study in those cases where a thorough medical history and physical examination do not indicate a malicious cause.
Methods

Eligibility criteria
Our aim in this study was to review the causes of PT and current trends in diagnostic radiology for patients with these conditions. Our goal was to evaluate coherence between institutional protocols, retrospective reviews, and one-off case studies. Patient demographics, aetiologies and natural histories of the cases were not restricted during our search, though these features were later used to group and analyse results.
Information sources
We reviewed a collection of articles sourced from the online database, PubMed, using the search term "pulsatile tinnitus" and applying the following filter terms: ["imaging", "MRI", "CT"], ["diagnosis", "causes", "aetiology"] and ["diagnosis", "subjective", "objective"]. All results used in the final version of this text were collected between June and July 2018.
Study selection
Results were sorted to remove duplicates where the same text was produced by multiple searches, then filtered by language of publication (English texts only), and relevance of content (texts were excluded if, for example, "pulsatile tinnitus" was absent from the publication's keywords list). All 50 texts in the final selection had at least 10 citations in the NCBI database; the maximum number held by a single text was 184. The final selection included a minority group of pre-2000 texts-1 article published in 1979, 3 articles published between 1980-1989 and 11 articles published between 1990-1999. After careful consideration, we decided to retain these older documents to facilitate a broad analysis of changing trends over time. A modern perspective was successfully encapsulated in our search results with nearly half of our filtered collection published in the last decade, and 12 in the last 5 years.
Where necessary, the articles sourced as described above were supplemented with a small selection of highly cited papers relevant to the discussion of particular points in this review.
Data collection
Data were extracted from reports independently and directly from in-text content. All initial mining was done by the first author (KE Grierson), who has training in literature review and criticism. Initial assessment was confirmed by a consulting scientist with a professional background in hearing research. All technical questions and disagreements between the two assessors were resolved by discussion with second and third authors. No information © Australian Journal of Otolaryngology. All rights reserved.
Aust J Otolaryngol 2018;1:27 www.TheAJO.com needed clarification by original authors for the purpose of our investigation. The information obtained from each article depended on the type of publication-case study, retrospective review, or technical report-but generally included definitions of pathologies presented; gender ratios and age ranges of patients; PT laterality, duration, and comorbidities; type, order, and rationale for imaging modalities used in diagnosis; and any indicators of imaging sensitivity.
Data summaries and synthesis
Our ability to effectively consolidate and summarise data was limited by three implicit features of our information sources:
(I) Methods of data collection varied significantly between articles; (II) Even after pooling, sample sizes were relatively small; (III) Patient types and approaches to treatment depended heavily on the institute and department (e.g., an audiologist was more likely to report on an extensive audiometric and physical exam compared to a consulting neurosurgeon) (5). To overcome these limitations, consistent parameters, such as age and PT sidedness, have been simplified as percentages over the pooled population of "PT patients", grouped into data from case studies and retrospective reviews, separately. More complex parameters are dealt with individually by study. Comments on sensitivity of different imaging modalities are given as reported in original texts, where those data were available. Sensitivity was not estimated numerically in many articles. For those cases, we grouped articles by choice of primary imaging modality and evaluated the diagnostic potential of each approach with reference to secondary imaging, presenting symptoms and conclusive findings, i.e., given a prescribed set of symptoms, how likely is a given imaging approach going to detect the underlying pathology? Data are given in Tables 1-3 .
Epidemiological data, such as rates of appearance in a population or dominance of a particular symptom for a given pathology, are presented as ranges using reported maximum and minimum values and upper and lower limits as given in texts. For case studies, data are given based on individual cases; for retrospective reviews, data are given as representative for the cohort (i.e., one unit of value represents one text).
Qualitative data, such as medical definitions, are described using language taken from relevant articles. Direct quotations are referenced appropriately. Where data were missing or incomplete, they have been reported as "N.A." in the summary tables, and removed from the analysis for that category.
Biases
No biases were observed within studies, other than a tendency of individual practitioners to favour the imaging protocol laid out by their institutional guidelines. As this pattern was informative for our investigation, we chose to accept these varying diagnostic approaches, and loosely interpreted decision-making within individual studies as representing institutional practice.
Results
There exist several clinically detectable causes of PT
The most striking finding to come out of this review is the expansive breadth and depth of pathologies that are causal-for, or at least common correlates-of PT. These conditions range from the benign to the life threatening, and stem from genetic defects, chronic diseases, and/or acute injuries. Tables 1-3 summarise the types and frequencies of PT-related conditions identified in our reading. Generally speaking, a glomus tumour or similar will be visible in the middle ear (Table 4 ) (2,6,7), while auscultation of the scalp, neck and eyes will often indicate that some form of arterio-venous fistula is present (8) . PT in a young, obese, commonly female patient will lead to a suspicion of BIH (4) . A hyperdynamic circulatory state (thyrotoxicosis, fever, widespread Paget's disease, etc., Table S1 ) can be suspected after a physical examination (9) . There remains a group of patients for whom no diagnosis is suggested by either the history or the clinical examination and although, in theory, these may have a detectable underlying cause, many are truly idiopathic.
The middle ear
The most common middle ear mass to produce PT is a glomus tumour (paraganglioma) (10, 11) . Clinical examination can reveal a reddish-blue mass filling the lower half of the middle ear cavity (8, 12) . A clinical exam will also detect an aberrant internal carotid artery (ICA) lying in the antero-inferior quadrant of the tympanic cavity (6, 13 posteroinferiorly and has a blueish appearance (14) . Both bone window CT and MRI give significant information about all of these conditions, wherein biopsy is not necessary or recommended. Common middle ear masses are listed in Table 4 .
Arterial abnormalities
Every patient with PT should be subject to auscultation (preferably in a sound proof booth) focusing on the mastoid area, the orbits, and the anterior neck (5, 15) . A positive result indicates that a life-threatening condition could be present. These high-risk conditions include a dural arterial-venous fistula (DAVF) (8, 16) , a carotico-cavernous fistula (17) , carotid artery atherosclerosis (2,10), and fibromuscular dysplasia (5,10), the latter being most commonly seen in middle-aged women (4) . When a bruit is present, further investigation is mandatory.
Venous causes
Suggested causes of venous PT include a high riding jugular bulb, sigmoid sinus arachnoid granulation, abnormal condylar or mastoid emissary veins, and abnormal venous collaterals (3, 5, (18) (19) (20) . These latter conditions have been found in conjunction with venous PT, but a cause and effect relationship has not been established. The natural history of these conditions is not one associated with morbidity.
BIH
BIH occurs mostly in young obese females. As we see an increase in overweight and obese adolescents in the Australian population (21) , incidence of BIH is expected to rise, and with it, the importance of understanding this diagnosis. In cases of BIH, PT can be accompanied by aural fullness, hearing loss, dizziness, headaches and visual disturbances. Often, the PT will increase with compression of the contralateral jugular vein and decrease with compression of the ipsilateral jugular vein. Fundoscopy can indicate early fundus changes or papilloedema (22) . There is a strong incidence of serious visual problems in this condition (4, 5) . MRI is indicated with the common findings listed in Table S2 . Lumbar puncture is usually not necessary if the clinical and MRI findings are suggestive of BIH (4) ( Table S3) .
Rare associations
Conditions less commonly reported in association with PT include a persistent primitive trigeminal artery (23), meningocele of the temporal bone (9) and a focal defect in the mastoid bone shell adjacent to the transverse-sigmoid junction (24) . A dehiscent superior semicircular canal has also been reported during an investigation of objective PT (4). Myoclonic contractions of the middle ear muscles have been linked to a type pf PT, although this is a rare pathology (4). Moreover, this phenomenon is not a pulsesynchronous tinnitus, and therefore outside of the scope of this review. Finally, PT is a common symptom in patients with Von Hippel-Lindau Disease (VHL), but only in cases where an endolymphatic sac tumour is the cause of the pathology (25) . In these cases, concurrent presentation of vertigo and hearing loss should prompt the clinician to proceed to investigation. PT has led on occasion to the diagnosis, probably as a chance finding, of intracranial aneurysm (Kim 2011) or aneurysm of the ICA (9). However, an aneurysm presenting as PT is extremely rare (9) where the lesion is generally very large and is accompanied by headache or high blood pressure (26) .
MRI is the most sensitive imaging modality for diagnosing PT
If imaging is indicated, ideally it will be cost-effective, comprehensive, non-invasive and radiation free. MRI is best suited for this and over the last decade has become far more accessible. Cost remains higher than CT, though its superior contrast resolution and sensitivity for a wider spectrum of pathology justifies this difference. MRI with contrast can often be the sole imaging investigation.
Imaging should be directed by clinical findings and medical history
A thorough understanding of the various etiologies associated with PT is invaluable for the clinician involved in the initial assessment of a PT patient. A through physical examination and comprehensive medical history will direct the clinician to a specific hypothesis, facilitating the choice of an appropriate approach to diagnostic imaging (11) .
In taking the medical history, it is important to note risk factors including head trauma, tumours, and any cardiovascular issues, e.g., coronary artery disease or hypertension, comorbidities such as vertigo, hearing loss, aural fullness, headache or neck ache, and any observable fluctuations in the PT (5, 12, (27) (28) (29) . Does the PT worsen after exercise or when lying down? The patient should be asked to describe the perceived intensity of the PT, and an inquiry should be made as to the specific reason for their visit. That is, has the intensity of the symptom acutely changed, does the symptom seem to be gradually worsening, or has a new symptom recently developed?
Initial physical examination should include otoscopy to assess the appearance of the tympanic membrane and to note the presence of a post auricular mass (1,2,5,30); also, auscultation of the scalp, neck and eyes is necessary to rule-out a serious arterial pathology such as arteriovenous fistula (5, 11, 15, 31) . Ideally, auscultation should be done in a soundproof booth. Blood pressure should be checked, and tests for a high cardiac output state should be ordered (8, 32, 33) . Audiometry should be performed to quantify any conductive or sensorineural hearing loss (15, 34, 35) . Compression of the jugular vein by gentle pressure on the neck and/or use of the Valsalva maneuver to reduce venous return will differentiate between an arterial or venous origin (5, 27, 32, 36) ; improvement of the symptoms during either of these procedures points to a venous cause on the ipsilateral side. Fundoscopy will detect papilloedema and establish suspicion of BIH (5).
Modern MRI is sensitive to most PT-related pathologies
Clinical findings in PT patients should direct approaches to diagnostic radiography. However, even with thorough clinical data, clinicians may still be left considering multiple options for the primary imaging study in a given case.
Cerebral angiography remains the gold standard for diagnosis of PT-related vascular pathologies (11) . However, this procedure is invasive and has a high risk of morbidity compared to other available imaging modalities. Angiography should therefore be reserved for secondary imaging to confirm a diagnosis or to facilitate pre-surgical preparation. Since the 1980's, CT has been favoured as © Australian Journal of Otolaryngology. All rights reserved.
Aust J Otolaryngol 2018;1:27 www.TheAJO.com the primary imaging modality for PT patients (37) . In our literature selection, CT alone is the preferred imaging modality in 11/18 case studies (16, 18, 27, 28, 31, (38) (39) (40) (41) (42) (43) , and CT is used in parallel with MRI for initial investigations in another 2/18 (44, 45) . However, extensive CT imaging results in prolonged patient exposure to radiation. Furthermore, stand-alone CT is rarely sufficient for an accurate diagnosis, and follow-up MRI/magnetic resonance angiography (MRA), Doppler ultrasonography, and/or digital subtraction angiography (DSA) are usually required for confirmation and to extract more detail about a given lesion (16, 18, (38) (39) (40) .
The authors propose that MRI should be considered as the default imaging modality in diagnosing most cases of PT. Advances in the biomedical sector over the last two decades have seen significant improvements in MRI technology. MRI is now both reliably sensitive to most PTrelated pathologies and accessible to common patients (46) . Modern MRI has been found to accurately detect the following: dural venous sinus stenosis, a laterally-placed/ tortuous sigmoid sinus, aberrant/lateralised carotid artery, dilated mastoid emissary vein, glomus tumour, sigmoid sinus dehiscence or diverticulum, intrameatal vascular loops, arterial dissection, and a dural-arterial venous fistula/ malformation (47) (48) (49) (50) (51) . Supplementing MRI with MRA has been shown to significantly increase sensitivity of the diagnosis (37) . MRI is widely recognised as a safer, less invasive procedure than CT or traditional angiography, and the disparity of costing between MRI and the less expensive CT has been significantly reduced in recent years (52, 53) . The authors argue that any remaining difference in costing is justified by the greater utility of MRI in the accurate diagnosis of PT.
There are exceptions to the MRI recommendation
Where MRI is contraindicated, such as in patients with non-MR compatible cardiac devices or cochlear implants (41) a non-contrast CT brain with petrous temporal bone views can be performed as the basic screening protocol. A more comprehensive study with contrast enhanced CT, cerebral angiogram and venogram can be performed, albeit with greater radiation exposure.
Colour-flow Doppler imaging provides a reliable noninvasive approach where an arterial dissection, particularly a dissected carotid artery, is strongly suspected (5, 54) . These findings can be confirmed with diffusion-weighted MRI if necessary.
There remain some vascular anomalies, such as fistula of a semicircular canal, which are best detected with a noncontrast CT of the petrous temporal bone (6) . However, the presence of a definitive cause-effect relationship in these pathologies remains yet to be confirmed. Finally, an argument can be made for foregoing imaging in some cases of PT. Despite the effectiveness of modern radiological methods, CT, MRI and angiography are associated with a variety of medical risks, and present a significant financial burden (52, 53 ). An MRI scan may be uncomfortable due to the confined space of the MRI chamber and loud noises generated by the machine (55) . CT involves exposure to ionising radiation, and though a single scan will provide a low-level dose, repeat scans may have a cumulative effect (56) . Contrast dyes may trigger an allergic reaction or have negative effects on kidney function (55) . Angiography, as previously stated, involves catheterisation. This procedure requires application of local anaesthesia and possible sedation, both of which carry a small risk of allergic reaction (57) . Catheterisation can also result in bruising or bleeding (57) . MRI, CT and angiography are not recommended for pregnant women. Furthermore, diagnostic radiography of the cranial and neck regions in Australia can cost from AUD$160 to over AUD$400, depending on the modality and parameters of the scan (53, 58) . Therefore, use of these techniques should be reserved for cases in which a diagnosis is likely and/or where a dangerous underlying pathology is reasonably suspected.
Often in large clinical reviews, there remains a small minority of subjects for whom no underlying pathology can be identified (3, 59, 60) . In Herraiz 2007 (5), 10/80 cases were designated "idiopathic" by the completion of the study; in Dietz 1994 (37), 21/49 cases had no demonstrable cause for their PT; and Sonmez 2007 (6) reported 24 of 74 total cases, or 38.1% of the subjective cases, as having "normal" radiological findings. No negative outcomes have been reported for any of these cases. Idiopathic PT patients almost exclusively present with subjective symptoms, and there is rarely a risk factor highlighted in the medical history of these cases that would lead to suspicion of a dangerous pathology. It has been proposed that in at least some these, the tinnitus may be caused by natural anatomical variations (60) .
Only one PT case in our entire series presented with "no" risk factors before imaging found an underlying pathology (38) . However, the case report stated that the physical examination was not complete-there was no neck compression test performed or use of the Valsalva maneuver. Given that the conclusive finding in this case was an abnormal cranial venous sinus, a complete physical examination would have provided a positive indication for the clinician. There were no other reports of a pathological finding without an identified risk factor. Evidence for major pathology in cases of subjective PT in the absence of physical indicators and a history of predisposing causes is so scant that in these cases, the authors recommend that the clinician discusses a "wait-and-see" approach with the patient. This should involve outlining the risks and costs associated with extensive imaging studies alongside the risks of an undiagnosed underlying pathology.
MRI protocols for basic and comprehensive diagnostic imaging
Two MRI protocols are suggested below depending on the level of clinical suspicion: one, a fast-basic screening test, and the second, a comprehensive protocol with contrast to image the venous system. Fast and basic MRI screening protocol  Fluid attenuated inversion recovery (FLAIR) brain;  Diffusion-weighted imaging (DWI);  3D T2 high resolution of the internal auditory canal (IAC);  Sagittal T1;  Non-contrast MRA brain. Comprehensive MRI protocol for PT In addition to the above imaging protocol:
 Susceptibility-weighted sequence (SWI) which can be helpful in detecting arteriovenous malformations (AVMs);  Contrast enhanced magnetic resonance venography (MRV);  Volumetric post contrast T1. Additional MR sequences such as a dynamic MRA are not routinely performed unless there is a high clinical suspicion for an AVM or if it is suggested by prior imaging.
Radiological findings
Examples of typical radiological findings for the pathologies highlighted in this report are described below.
An aberrant ICA may be seen via MRA as a lateralisation of part of the ICA and/or an ICA with a narrowed or "pinched" appearance ( Figure 1) . DAVF can also be detected via MRA, as in Figure 2 , which demonstrates an arterialised left transverse sinus. AVM will be seen in T2 weighted MRI ( Figure 3A ) and dynamic MRA ( Figure 3B ) as an asymmetrical vascular tangle.
Fat saturated T2-weighted MRI will present a glomus tumour as a bright mass, the mass often causing Compare to a similar-aged normal patient ( Figure S1 ). MRV, magnetic resonance venography; FLAIR, fluid attenuated inversion recovery.
displacement in proximal vasculature (Figure 4 ). T2-weighted MRI can also be used in suspected BIH, wherein imaging will demonstrate pathological optic nerves and flattened optic discs ( Figure 5A ). In the latter case, MRI can be followed-up with MRV, wherein a BIH diagnosis will be supported by the presence of asymmetrical narrowing of the transverse sinus ( Figure 5B) ; and FLAIR imaging, wherein BIH patients will exhibit a narrowing of the lateral ventricles ( Figure 5C ). Figure S2 provides an age-and sexmatched non-PT patient MRI for comparison. Finally, abnormal condylar or emissary veins can be visualised through MRV ( Figure 6 ).
Discussion
This review has established that there are drastically conflicting approaches to the diagnosis of PT. This controversy has been driven both by changes in the technological capability of different imaging modalities, and by the complicated nature of PT as a possible symptom for a wide variety of pathologies, ranging from the benign to the life threatening.
We have established that any imaging study must be preceded by a thorough physical examination, including otoscopy, auscultation, blood pressure and select blood tests, audiometry and the use of jugular vein compression or the Valsalva manoeuvre to determine the arterial or venous nature of the symptom. Clinicians should also make efforts to take a comprehensive medical history, with attention to risk factors such as past head trauma or cardiovascular issues; comorbidities presenting with the tinnitus, like vertigo or headaches; and any acute or gradual changes in the symptom.
We have also assessed the utility of MRI, CT and angiography in the diagnosis of PT. We found that approaches to radiography in PT cases should always be directed by initial clinical findings. We have determined that in most cases of PT, modern MRI is the best choice for primary imaging modality due to its superior sensitivity to most PT-causing pathologies and the lower associated morbidity compared to CT or traditional angiography. We have also identified medical scenarios in which the latter two approaches may be useful. We have presented an argument in favour of foregoing imaging in PT cases with no objective symptoms and where no risk factor can be identified in the medical history. Finally, we have offered recommendations for both basic and comprehensive MRI protocols for use in PT diagnosis.
This review provides an up-to-date reference guide for the evaluation of PT, including recommendations for each step of the diagnostic process. It should also stimulate discussion as to the importance of the initial exchange of information between the patient and the clinician in cases where multiple aetiologies may be reasonably suspected for a given symptom.
As with all medical reviews, this study is limited in the breadth of content and selection of studies for review. We focused entirely on cases of vascular PT with little mention of non-vascular PT, and with no attention paid to the equally complex matter of non-PT. We also excluded studies from the original database search that were not written in English, and several case studies that mentioned PT as a symptom but where it was not the presenting symptom or where the nature of the PT was insufficiently discussed. These choices may have skewed the epidemiological statistics for underlying pathologies and may have eliminated discussion of any alternative approaches to diagnosis common in non-English speaking countries.
It should also be noted that not all case studies or reviews in our selection detailed intervention and outcomes for diagnosed pathologies. Several studies in our selection observe that there is a relatively high likelihood of a type I error in PT cases, where a possible cause for the symptom is demonstrated in a scan, but where resolution of the condition does not resolve the PT. The implication is that the suspected cause was not ultimately responsible for the symptom, a possible limitation of our recommendations. It should also be noted that approaching any diagnosis with a heavy dependence on patient's self-reported medical history is weakened by reliance on the patient's accurate and comprehensive recall. In PT cases, this may mean a failure to remember a head injury, or presenting an inaccurate timeframe of symptom development, items that may be crucial in the investigation of a dangerous pathology. Nevertheless, we conclude that diagnosis of PT should be driven by comprehensive clinical data and dominated by the conservative use of MRI.
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